Cephalopods, the group of animals including octopus, squid, and cuttlefish, have remarkable ability to instantly modulate body coloration and patterns so as to blend into surrounding environments [1, 2] or send warning signals to other animals [3] . Reflectin is expressed exclusively in cephalopods, filling the lamellae of intracellular Bragg reflectors that exhibit dynamic iridescence and structural color change [4] . Here, we trace the possible origin of the reflectin gene back to a transposon from the symbiotic bioluminescent bacterium Vibrio fischeri and report the hierarchical structural architecture of reflectin protein. Intrinsic self-assembly, and higher-order assembly tightly modulated by aromatic compounds, provide insights into the formation of multilayer reflectors in iridophores and spherical microparticles in leucophores and may form the basis of structural color change in cephalopods. Self-assembly and higher-order assembly in reflectin originated from a core repeating octapeptide (here named protopeptide), which may be from the same symbiotic bacteria. The origin of the reflectin gene and assembly features of reflectin protein are of considerable biological interest. The hierarchical structural architecture of reflectin and its domain and protopeptide not only provide insights for bioinspired photonic materials but also serve as unique ''assembly tags'' and feasible molecular platforms in biotechnology.
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In Brief
Guan et al. trace the likely origin of reflectin gene in cephalopods to a transposon in symbiotic Vibrio fischeri and report the intrinsic self-assembly and higher-order assembly modulated by aromatic compounds of reflectin protein.
Reflectins express exclusively in cephalopods and play important roles in camouflage and structural color change.
SUMMARY
Cephalopods, the group of animals including octopus, squid, and cuttlefish, have remarkable ability to instantly modulate body coloration and patterns so as to blend into surrounding environments [1, 2] or send warning signals to other animals [3] . Reflectin is expressed exclusively in cephalopods, filling the lamellae of intracellular Bragg reflectors that exhibit dynamic iridescence and structural color change [4] . Here, we trace the possible origin of the reflectin gene back to a transposon from the symbiotic bioluminescent bacterium Vibrio fischeri and report the hierarchical structural architecture of reflectin protein. Intrinsic self-assembly, and higher-order assembly tightly modulated by aromatic compounds, provide insights into the formation of multilayer reflectors in iridophores and spherical microparticles in leucophores and may form the basis of structural color change in cephalopods. Self-assembly and higher-order assembly in reflectin originated from a core repeating octapeptide (here named protopeptide), which may be from the same symbiotic bacteria. The origin of the reflectin gene and assembly features of reflectin protein are of considerable biological interest. The hierarchical structural architecture of reflectin and its domain and protopeptide not only provide insights for bioinspired photonic materials but also serve as unique ''assembly tags'' and feasible molecular platforms in biotechnology.
RESULTS

Reflectin May Have Originated from a Transposon in Symbiotic V. fischeri
Structural color is widespread in nature, and various reflectors are used in different species, including cellulose in plants [5] , chitin in insects, keratin in birds, purine crystals in fishes [6] and reptiles such as chameleons [7] , and collagen fibers in a few mammals [8] . However, the system of insoluble multilayer platelets responsible for the remarkable structural color change ability in cephalopods is unique and composed of protein called reflectin [4] . Most reflectins have four to seven repeating domains, highly conserved among members of the family. Each of reflectin's domains is constructed of a core subdomain containing three repeats of octapeptide (represented as YMDMSGYQ) or its variants, presented as (Y/W/G)MD(M/F) X(G/N)X 2 , (X = S, Y, Q, W, H, R), and two tyrosine-phenylalanine-rich (YF-rich) flanking regions ( Figure 1A ). The amino acid composition of reflectin is very unusual [4] . Four relatively rare aromatic residues (phenylalanine, tyrosine, tryptophan, and histidine), which provide UV absorption and potential p-p stacking, comprise up to 40% of various reflectins, and tyrosine constitutes 15%-20% of the whole sequence of reflectin. Several common residues (alanine, isoleucine, leucine, and lysine) hardly occur or are completely absent in the family ( Figure 1B ).
To our knowledge, no homologous nucleic acid or amino acid sequence for the reflectin family has been identified. However, here, a 24-bp fragment of the reflectin gene (SoRef2; GenBank: HE687200.1) from cephalopods was aligned with two out of five genes encoding transposases (here named TnlB and TnlD, from TnlA-E) on pKB1A97-67, a plasmid in the bacterium V. fischeri, with an identity close to 90% (Figures 1C and S1A; Table S1 ), and vice versa; a trace of the bacterium TnlD gene can also be identified in the cephalopod O. bimaculoides' genome (Figure 1C) . The coded amino acid sequence (YMDMSGYQ; here named protopeptide) appears to be a highly conserved motif in the reflectin family. The marine bioluminescent bacterium V. fischeri is a wellknown symbiont of certain squids and fishes and is free living in seawater [9] . Recent studies revealed that the relationship between V. fischeri and cephalopods is more than simple symbiosis. For example, V. fischeri may be integrated into the squid's body and influence the immune system, circadian rhythm, and early development [10] [11] [12] . The phylogenetic tree of species and the evolutionary relationship between reflectin genes and the TnlD gene showed that the pairwise (TnlD from V. fischeri and reflectin from Octopus bimaculoides) distance between genes is closer than between corresponding species (Figures S1B and S1C), suggesting a potential horizontal gene transfer (HGT) event. Thus, we hypothesize that the reflectin protopeptide originally may have come from V. fischeri via transposition in ancient cephalopods and initiated inter-kingdom HGT. It may serve as the original ''template'' and underwent duplications and divergence during evolution, leading to the generation of a new gene, reflectin, though the opposite gene flow pathway is also possible.
To validate the possibility of V. fischeri transposition, a typical characteristic 12-bp inverted repeat (IR) of transposon was identified along either side of all five transposon-like genes (named TnlA-E, respectively) on pKB1A97-67. We verified the activity of both TnlD and TnlB via a fluorescence-based transposition report system [13] (Figures 1D-1I , S1D, and S1E). Briefly, EGFP was fused right after the C-terminal stop codon of the TnlD gene to initiate fluorescence expression when TnlD excises itself ( Figure 1J ). About 5%-10% of HeLa cells show fluorescence emission after transfection, which strongly suggests that transposition of TnlD occurred and this transposon remains active today ( Figures 1D-1I) . Removal of the IR sequence from TnlD abolished the transposition ( Figures 1F and 1G) . Similar results were obtained with TnlB ( Figures S1D-S1F ). The excision of TnlD or TnlB was confirmed by RT-PCR (Figures 1K and S1G) and DNA sequencing (Figures S1H and S1I). Footprints of the possible ancient transposition event were tracked by screening the O. bimaculoides genome [14] . Approximately 64% of the TnlD gene trace in O. bimaculoides' genome was identified (Figure 1C) . Besides, the flanking regions corresponding to homologous sequence of the reflectin protopeptide (nucleotides 75-98 in TnlD) in V. fischeri was also found in the O. bimaculoides genome (Table S2) , further supporting our assumption that the reflectin gene may have originated via transposition.
HGT and gene duplication are important mechanisms for acquiring new genes with new functions and creating genetic novelty in organisms. HGT may occur between bacteria and eukaryotes within a symbiotic relationship [15] [16] [17] . The octopus genome indicates how expansion of gene families, genome rearrangements, and activity of transposable elements contributed to the evolution of cephalopod complexity and innovations [14] , and a new reflectin gene of novel function appears to be no exception ( Figure 1L ).
Building Blocks Self-Assembled by Reflectin
Reflectin protein is notorious for its extremely low solubility [4] . Previously, some b sheet secondary structure has been observed for reflectin under different conditions [18] [19] [20] [21] [22] . Various purification procedures have been tested in our laboratory to enhance the solubility and folding of reflectin. One detergent, SDS, was identified that not only solubilized but also stabilized the folding and conformation of reflectin, as shown by highest proportion of secondary structure, homogeneity in analytical gel filtration, and electron microscopy structure analysis. Furthermore, reflectin protein showed significant resistance to SDS denaturation in multiple experiments ( Figures S2A-S2D ). The secondary structure mainly composed of b sheets [18-22], as measured by circular dichroism (CD) spectrum, was largely retained with up to 2% SDS in the presence of a range of salt concentrations ( Figures S2A-S2C) .
The final soluble reflectin preparations were obtained using a relatively low concentration of SDS. Briefly, one reflectin from cuttlefish (SoRef2; GenBank: HE687200.1; Figure 1A ) with N-terminal His-tag was expressed in Escherichia coli strain BL21 (DE3) and purified to homogeneity in soluble form (Figure 2A ) in the presence of 0.05% (1.7 mM) SDS and further confirmed by mass spectrometry ( Figure S2E) . A low salt concentration (<10 mM) was reported to be critical to maintain the solubility of reflectin in vitro [19, 21, 22] ; however, both the solubility and secondary structure of reflectin were preserved at a wider range of salt concentrations (ion concentration: 9.3-593.4 mM) in our experiments, probably due to different expression and purification systems, different biological species sources of reflectin, or because the use of SDS as an additive may in fact preserve reflectin structure in higher ionic strength solutions.
The reflectin protein is stable at room temperature. The strong resistance to denaturation and degradation of reflectin may indicate internal structural symmetry resulting from the repetition of smaller elements and a high frequency of b strands [23, 24] , consistent with reflectin sequence features and domain organization.
Different approaches were used to determine the conformation and structures of reflectin protein. Small-angle X-ray Figure S1 and Tables S1 and S2. scattering (SAXS) experiments were used to determine the particle size and assembly states. Reflectin showed an averaged radius of gyration (Rg) around 80 Å ( Figure S2F) , far above the possible value of 32 kDa proteins in a monomer state, suggesting that self-assembly may occur. A large hydrodynamic radius of reflectin was also observed in size-exclusion chromatography (Superdex 200 10/300 GL, GE Healthcare; Figure 2A ), and peak2 corresponding to a globular protein with molecular weight around 400 kDa, suggesting possible polymerization and selfassembly of reflectin, which is consistent with the SAXS results. Interestingly, both fractions showed well-dispersed particles with identical masses in gel electrophoresis experiments ( Figure 2A , inserted panel) and similar structural features in electron microscopy (EM) experiments ( Figure 2B ). Globular and elongated (cyan and yellow boxes, respectively, in Figure 2B ) forms can be found under EM. For each class, representative 2D averages ( Figure S2G ) are shown and structural features are summarized. The average diameter of globular particles is 11 nm, also far above the possible size of a 32-kDa protein and consistent with the results from SAXS and size-exclusion chromatography experiments. Three major groups of globular forms of reflectin were classified according to overall shape and structural features ( Figures 2C-2E ). Group 1 ( Figure 2C ) and 2 ( Figure 2D ) show hexapetalous or pentapetalous flower shapes, respectively, with one reflectin in the center as a ''pistil'' surrounded by a circle of six or five ''petal-like'' reflectins. Group 3 ( Figure 2E ) shows a distinctive double-layer structure. We propose that the hexapetalous-or pentapetalous-shaped particles represent the top views of two different architectures, and the double-layer-shaped particles resemble the side view of a hexagonal or pentagonal prism, as shown in cartoons ( Figure 2F ). There are 14 or 12 reflectin monomers in each hexagonal or pentagonal prism, respectively. We named the globular particles ''reflectin bricks,'' as they serve as building blocks of elongated forms of reflectin particles ( Figures 2G-2I ). In addition to the linear elongated forms, longer and branched assembly patterns were observed ( Figure 2J ), indicating multiple assembly interfaces. Another two reflectin from squid (EsRef1a and DpRefA2) were expressed, purified, and similar structural features observed, indicating universal structure in the reflectin family (data not shown). The reflectin bricks are critical for higher-order assemblies and may be a feasible and dedicated mechanism for platelet reflector formation.
Higher-Ordered Assembly of Reflectin Triggered by Small Molecules
Obvious color change from colorless to yellow confirmed by spectral scanning with Ni-NTA-purified reflectin during dialysis led to our speculation that visible color variation is due to nanostructural change in SoRef2 by imidazole. The interactions between reflectin and imidazole were verified by nuclear magnetic resonance (NMR) experiments. Both the longitudinal relaxation time T1 and transverse relaxation time T2 of imidazole in the presence of SoRef2 are much shorter than that of imidazole alone ( Figures S3A-S3E ), which means that the motion of imidazole is somewhat restricted due to SoRef2 and is a strong indication that imidazole interacts with SoRef2. Interestingly, huge regular hexagonal structures, with each side ranging from 100 to 370 nm, assembled from reflectin bricks in the presence of imidazole, insensitive to ionic strength in buffers (Figures 3A and S3F-S3H). The bright peaks near the center of the electron microscopic diffraction image in the diffraction modes indicate a possible pattern of six-fold symmetry in reflectin higher-ordered assembly ( Figure S3I ). Removal of imidazole by dialysis led to the dissociation of hexagonal lamellar structure and reappearance of reflectin bricks ( Figure 3B ). This process can be reversed by re-adding imidazole to the same protein preparation ( Figure 3C ). This reversible dramatic structural change triggered by imidazole revealed a potentially important mechanism of regulation, consistent with reflectincontaining reflector plasticity [4, [25] [26] [27] .
The structural similarity of imidazole and aromatic residues (Y, F, W, and H) that are unusually high in reflectin indicate possible involvement of p-p stacking during reflectin assembly. A panel of various compounds containing aromatic rings (Table S3 ) was selected to incubate with purified reflectin and several compounds, including histamine, octopamine, and 5-hydroxytryptamine, were found to specifically induce dramatic assembly of reflectin ( Figures 3D-3F 
The Origin of Reflectin Assembly
The structure and assembly pattern of reflectin platelets can be traced back to its unique sequence and amino acid composition. The reflectin from cuttlefish (SoRef2) can be divided into four repeating domains (D1-D4); each domain contains three repeats of protopeptide or its variants (Core subdomain; Figure 1A ) and YF-rich flanking regions. We expressed and purified domain 1 of SoRef2 (D1; residues 38-85) and D1 with a maltose binding protein (MBP) tag fused to the N-terminal (MBP-D1) and synthesized protopeptide ( Figure 4A ). Similar purification procedures were used for D1 and further confirmed by mass spectrometry ( Figure S4A ). The proportion of secondary structure was measured by CD in the presence of SDS up to 2% ( Figure S4B ). Size-exclusion chromatography and EM observation indicated that the dramatic assembly capacity of reflectin is preserved in its single domain D1 (6.3 kDa); even a large protein tag such as MBP (43 kDa) was fused to it ( Figures 4B-4D ). Similar assembly patterns and the hexapetalous-or pentapetalous-shaped particles with full-length reflectin were preserved in one single domain, with or without MBP (MBP-D1 and D1; Figures 4C and 4E). Huge regular hexagonal structures can be further assembled by imidazole induction with reflectin D1, similar to full-length reflectin ( Figures 4F and S4C-S4E ). The resilience of additional tags suggests potential application of reflectin in nano-assembly regulated by aromatic compounds. Furthermore, the intrinsic assembly capability of reflectin and the response to aromatic compounds are preserved in the conserved octapeptide (YMDMSGYQ), named protopeptide. The synthesized octapeptide showed a large hydrodynamic radius equivalent to that of a globular protein of 10 kDa in sizeexclusion chromatography (Superdex 75 10/300 GL; GE Healthcare), and imidazole stimulated assembly ( Figures 4G-4I and S4F-S4H), though with different morphologies from singledomain and full-length reflectin.
DISCUSSION
We have traced the likely origin of the reflectin gene in cephalopods to a transposon from symbiotic V. fischeri and propose that HGT between cephalopod and symbiotic bacteria may have initiated the evolution of the reflectin gene ( Figure 1) . Nevertheless, an opposite direction of gene flow from ancient cephalopods to symbiotic V. fischeri is also possible, and the evolutionary pathway of reflectin gene certainly requires further investigation.
The synthesis of reflectin from symbiosis and HGT is not an isolated incident, and more and more examples indicate that HGT occurs between domains of life, especially in animal-microbial symbiotic systems because of close and constant proximity, such as between Buchnera aphidicola and Acyrthosiphon pisum [15] . These events extend the phenotype of the host over long evolutionary time.
What to retain and what to lose are questions of natural selection and dependent on function and adaptation. The intrinsic self-assembly capacity and mechanism of tightly modulated higher-order assembly by aromatic compounds are suitable for building a multifaceted reflector for structural coloration. These unique features are rooted in the protopeptide and were later preserved over evolutionary time to build reflectin's repeating domains and reflectin itself.
Reflectin is found in various membrane-bound reflectors [28] in cephalopods, such as flat lamellar platelets in iridophores in mantle and fin [4] , long and wavy platelets in iridophores in silvery skin [29] , and spheres in leucophores [26, 27] , suggesting universality of reflectin distribution and plasticity in structure and assembly of this protein. Figure S3 and Table S3 . that b sheet and electrostatic and weak aromatic interactions are combined to play assembly roles in the salt-initiated condensation of reflectin [19, 21, 22] . We did observe highsalt-concentration-induced reflectin aggregation as shown by an increase of elution volume in size-exclusion chromatography and verified by EM imaging (Figure S3F ), in agreement with previous studies [19] . The increase of elution volume in size-exclusion chromatography may be due to an increase in viscosity caused by aggregation. Increasing the salt concentration in the absence of aromatic compounds seems to cause random and milder aggregation of reflectin bricks, different from the ordered and dramatic higher-order assembly triggered by aromatic compounds (imidazole, histamine, octopamine, and 5-hydroxytryptamine; Figures S3F-S3H ). The higher-order assembly may be tightly regulated by aromatic compounds through p-p stacking interaction, regardless of the ionic strength, indicating that aromatic interactions are dominant factors in this process. The insensitivity to ionic strength for higherorder assembly in our study could be due to the presence of SDS in the buffer or/and the different biological sources of the reflectin we used, which is certainly worth further investigation. Both self-assembly and regulated higher-order assembly may contribute to the diversity and multifaceted features of reflectin-containing and membrane-enclosed reflectors in cephalopods and remarkable color change capacity. The photonic properties of reflectin have been extensively studied [18] [19] [20] . The thickness and/or refractive index of reflectin platelets can be modulated by the neurotransmitter acetylcholine (ACh), which activates dynamic iridescence of the isolated mantle [31, 32] . Analyses of live, dynamically responding reflective tissue and purified reflectins revealed that ACh activation of a well-known signal transduction cascade triggers activation of protein-kinase-mediated phosphorylation of reflectins [28, 33, 34] , with the resulting charge neutralization of proteins driving their aromatic-residue-mediated condensation, emergence of hydrophobic secondary structure, and subsequent hierarchical assembly [21] . The resulting GibbsDonnan re-equilibration then drives expulsion of water from the Bragg lamellae containing the reflectins, thus simultaneously increasing the refractive index and changing the spacing and thickness of the lamellae to simultaneously increase brightness and change the color of the reflected light [28] . Thin-film interference has been suggested when incident light waves are reflected by reflectin-formed multilayer platelets in iridophores [4, 35] . Vertically oriented mirrors formed by multilayer reflectin reflectors around the eyes, the ink sac, and the sides of the mantle were proposed to explain silvery iridescence and cephalopod camouflage.
The original discoveries we report here reveal the potential for reflectin to form precisely ordered structures in the course of hierarchical assembly. The crystallographically ordered structures we have observed would offer unique advantages enabling the rapid dynamic reversibility that is an essential feature of the tunability of color and brightness of reflectivity in the cephalopod iridophores. Alternatively, the processes we have observed may represent an independent mechanism-governing assembly, with the exciting possibility that both mechanisms may be operative, and independently controlled, under different conditions. Interestingly, octopamine and 5-hydroxytryptamine are all widely distributed neurotransmitters in cephalopods [36] and histamine can depress both resting and action potentials in the squid giant fiber [37] . Whether reflectin assembly mediated by neurotransmitters serves as a physiological mechanism for structural color change in cephalopods is worth further investigation.
Inspired by the remarkable color change ability of cephalopods and photonic and electrical properties of reflectin, much effort is going into the development of biomaterials and biodevices, such as stimuli-responsive reconfigurable infrared camouflage films [30, 38] , supporting material for neural stem cell growth [39] , and artificial protonic transistors [40] [41] [42] . The hierarchical assembly structures of reflectin, its domain, and even the protopeptide revealed in this study will further these fields.
In conclusion, our study presents new findings to reveal the likely origin of the reflectin gene and the possible origin of the assembly features of reflectin protein. The reflectin gene may be traced to a 24-bp transposon-like DNA fragment from the bacterium V. fischeri symbiotic with marine animals. The unique features of reflectin, including the intrinsic self-assembly capacity and mechanism of tightly modulated higher-order assembly by aromatic compounds, are rooted in the protopeptide coded by this transposon-like fragment and preserved over evolutionary time. The hierarchical structural architecture of reflectin and its domain and protopeptide represent a compelling model for bioinspired photonic materials [30, [38] [39] [40] [41] [42] and may also serve as unique ''assembly tags'' and feasible molecular platforms for biotechnology, to reversibly bring macromolecules together or create protein aggregations when needed. The properties and system revealed here have applications across multiple fields.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
HeLa cells (ATCC#CCL-2) used in this study were originally purchased from ATCC and kindly provided by Dr. Timothy Springer at Harvard Medical School. They were cultured in DMEM (Sigma-Aldrich) supplemented with fetal bovine serum (Ausbian), 100 U/mL penicillin and 100 mg/mL streptomycin (GIBCO) at 37 C and 5% CO 2 . E.coli. BL21 cells were cultured in lysogeny broth (LB) at 310 K. Induction of protein expression by b-D-1-thiogalactopyranoside (IPTG) was carried out at 288 K.
METHOD DETAILS
Analysis of the origin of the reflectin gene The reflectin gene family is exclusively expressed in cephalopods and no homologous nucleic acid or amino acid sequence has been identified [4, 14] . Considering horizontal gene transfer (HGT) sometimes occurs between bacteria and eukaryotes within a symbiotic relationship [15] [16] [17] and thus contributes to new gene evolution, we suspected reflectin might have evolved via a similar path. One gene from the reflectin family, reflectin 2 in Sepia officinalis (SoRef2, GenBank: HE687200.1), was chosen to explore its origin using bioinformatics. Briefly, SoRef2 was used to blast against the symbiotic bacteria Vibrio fischeri genome (taxid: 668) in NCBI, using the NCBI BLAST algorithm (http://blast.ncbi.nlm.nih.gov/Blast.cgi). A 24 bp fragment of SoRef2 was found in two (TnlB and TnlD, Figure S1A ) of five transposase-like genes (TnlA-E, Table S1 ) on a plasmid (pKB1A97-67) in V. fischeri. The boundaries of each transposase-like gene can be defined by a typical characteristic 12 bp inverted repeat (IR) sequence (GGTTCTGTCGCA/ TGCGACAGAACC) located on both sides.
Footprints of this transposon were tracked by screening the Octopus bimaculoides genome [14] . The assembly genome sequences of O. bimaculoides were downloaded at (http://octopus.metazome.net/), and full length sequence (1-817) of TnlD or partial sequence including the sequences coding YMDFSGYQ and its flanking sequences (1-218) of TnlD were used to search and identify sequences which may represent the evolutionary traces of transposition in the O. bimaculoides genome using BLAST+ version 2.2.30 (ftp://ftp.ncbi.nlm.nih.gov/blast/executables/blast+/) by using default parameters. The results are presented in Figure 1C and Table S2 respectively.
The phylogenetic tree of species was obtained from Taxonomy Common Tree NCBI (https://www.ncbi.nlm.nih.gov/Taxonomy/ CommonTree/wwwcmt.cgi). The evolutionary relationships of selected reflectin sequences (GenBank: HE687200.1, KF661516.1, FJ824804.1, AY294649.1, XM_014924128.1) and TnlD were inferred using the Neighbor-Joining method [49] . The bootstrap consensus tree inferred from 1000 replicates is taken to represent the evolutionary history of the taxa analyzed [50] . Branches corresponding to partitions reproduced in less than 50% of bootstrap replicates are collapsed. The percentage of replicate trees in which the associated taxa clustered together in the bootstrap test (1000 replicates) are shown next to branches [50] . Evolutionary distances were calculated using the Maximum Composite Likelihood method [43] and are in the units of the number of base substitutions per site. The analysis involved six nucleotide sequences. Codon positions included were 1st+2nd+3rd+Noncoding. All positions containing gaps and missing data were eliminated. There were a total of 432 positions in the final dataset. Evolutionary analyses were conducted in MEGA7 [44] . The results are presented in Figures S1B and S1C.
The fluorescence-based transposition analysis The full length TnlB gene, full-length TnlD gene, IR-deleted TnlD with both inverse repeat sequences deleted, and mCherry with TnlB (or TnlD) inverse repeat (IR) sequences on both sides, were synthesized and cloned into the BamHI and PmeI sites of expression vector pEF1-puro [51] , followed by the EGFP sequence (named TnlB-EGFP-pEF1-puro, TnlD-EGFP-pEF1-puro, DIR-TnlD-EGFPpEF1-puro and IR-mCherry-IR-EGFP-pEF1-puro, respectively). Therefore, the original stop codon is located between the inserted protein coding genes and EGFP coding sequence. The transposition can be monitored by EGFP expression since transposase cut out the DNA fragment with the stop codon between IR sequences ( Figures 1J and S1F ). HeLa cells were observed by DeltaVision Elite 24 hr after transfection ( Figures 1D-1I , S1D, and S1E). Total mRNAs from each transfections were extracted with TRIzol reagent (Invitrogen, USA), and DNase I (TaKaRa, Japan) digestion was used to remove potential DNA contamination. cDNA was obtained by reverse transcription with the total mRNA prepared as above using RevertAid First Strand cDNA Synthesis kit (Thermo Scientific, USA). The excisions of transposon or DNA fragments after transposition can be detected by the expression cassette using primers P1 (CTAATACGACTCACTATAGGGAGAC) and P2 (TTACTTGTACAGCTCGTCCATGC) ( Figures 1J, 1K , S1F, and S1G) and further confirmed by DNA sequencing (Figures S1H and S1I ). HeLa cells transfected with empty vectors were used as negative controls.
Protein expression and purification
The full length reflectin SoRef2 gene from cuttlefish Sepia officinalis (GenBank: HE687200.1) was synthesized and cloned into our customized expression vector with a His-tag fused to the N-terminal, driven by a cold-shock promoter (cspA) and a lac operator.
The protein coding sequences of the reflectin domain 1 (D1, residue 38-85 of SoRef2 gene), with or without N-terminal MBP (Maltose-binding protein) tag (MBP-D1 and D1, respectively) were cloned into the same vectors. All proteins were expressed in E. coli strain BL21(DE3). Bacterial cells were harvested after 20 hr of incubation with 20 mM isopropyl b-D-1-thiogalactopyranoside (IPTG) at 288 K and resuspended and sonicated in the lysis buffer (20 mM Tris, 150 mM NaCl) on ice. For preparing SoRef2 protein, after centrifugation the precipitates were resuspended and incubated in buffer R1 (20 mM Tris, 150 mM NaCl, 0.5% Triton X-100, pH 8.0) for 30 min before centrifugation again to remove possible membrane fractions. The pellets were first washed with water three times (with 5 min incubation for each wash step), and then washed by solubilizing buffer S1 (20 mM Tris, 150 mM NaCl, 0.05% SDS, pH 8.0) twice (with 30 min incubation for each wash step). The supernatant from previous wash steps was discarded. The majority of the SoRef2 protein was solubilized starting from the third incubation with buffer S1, and then applied to the Ni-NTA affinity column (QIAGEN, Valencia, California). Ni-NTA affinity chromatography was carried out according to standard protocols. The column was washed with washing buffer W1 (20 mM Tris, 150 mM NaCl, 20 mM imidazole, 0.05% SDS, pH 8.0) for 30 column volumes (CV). Proteins were eluted from the Ni-NTA column using elution buffer E1 (20 mM Tris, 150 mM NaCl, 300 mM imidazole, 0.05% SDS, pH 8.0) and further purified by size-exclusion chromatography or dialyzed for following experiments.
For preparing D1 protein, similar purification procedures were used as for SoRef2 except all buffers were adjusted to pH 7.5. After centrifugation the precipitates were resuspended and incubated in buffer R2 (20 mM Tris, 150 mM NaCl, 0.5% Triton X-100, pH 7.5) for 30 min before centrifugation again to remove possible membrane fractions. The pellets were first washed with water three times (with 5 min incubation for each wash step), and then washed by solubilizing buffer S2 (20 mM Tris, 150 mM NaCl, 0.05% SDS, pH 7.5) twice (with 30 min incubation for each wash step). The supernatant from previous wash steps was discarded. The majority of the D1 protein was solubilized starting from the third incubation with buffer S2, and then applied to the Ni-NTA affinity column (QIAGEN, Valencia, California). Ni-NTA affinity chromatography was carried out according to standard protocols. The column was washed with washing buffer W2 (20 mM Tris, 150 mM NaCl, 20 mM imidazole, 0.05% SDS, pH 7.5) for 30 CV. Proteins were eluted from the Ni-NTA column using elution buffer E2 (20 mM Tris, 150 mM NaCl, 300 mM imidazole, 0.05% SDS, pH 7.5).
Hexahistidine-taged maltose-binding protein (MBP) was used as a fusion partner for the production of soluble recombinant reflectin protein in the absence of 0.05% SDS. For preparing MBP-D1 and MBP proteins, both Ni-NTA and MBP affinity chromatography were used. Briefly, after centrifugation the supernatants were loaded onto Ni-NTA affinity columns and washed with washing buffer W3 (20 mM Tris, 150 mM NaCl, 20 mM imidazole, pH 8.0) for 30 CV. After elution from the Ni-NTA column using elution buffer E3 (20 mM Tris, 150 mM NaCl, 300 mM imidazole, pH 8.0), proteins were further purified followed by the amylose affinity column (New England BioLab, USA). After washing the amylose column with washing buffer W4 (20 mM Tris, 300 mM NaCl, pH 8.0) for 20 CV, proteins were eluted from amylose resin matrix using elution buffer E4 (20 mM Tris, 300 mM NaCl, 25 mM maltose, pH 8.0).
Ionic strength was reported to affect reflectin self-assembly and hierarchical assembly in vitro. To verify if salt concentration affects reflectin conformation and biochemical characterization, alternative purification procedures were used in this study as well. Briefly, a Strep-Tag II (WSHPQFEK) was fused to the N-terminal of the full length reflectin SoRef2. Strep-taged SoRef2 protein was solubilized as descried above. After centrifugation, the precipitates were resuspended and incubated in buffer R3 (20 mM Tris, 0.5% Triton X-100, pH 8.0) for 30 min before centrifugation again to remove possible membrane fractions. The pellets were first washed with water three times (with 5 min incubation for each wash step), and then washed by solubilizing buffer S3 (20 mM Tris, 0.05% SDS, pH 8.0) to solubilize Strep-tag SoRef2. Then the supernatants were applied to the Strep-Tactin affinity column (IBA, Germany). Strep-Tactin affinity chromatography was carried out according to standard protocols except NaCl was omitted from all buffers during purification steps. The column was washed with washing buffer W5 (the same as buffer S3, namely, 20 mM Tris, 0.05% SDS, pH 8.0) for 10 CV. Proteins were eluted from the Strep-Tactin column using elution buffer E5 (20 mM Tris, 50 mM desthiobiotin 0.05% SDS, pH 8.0). Reflectin protein prepared in the absence of NaCl showed similar conformational and structural features in EM and other experiments in this study.
For all SDS-PAGEs, PageRuler Prestained Protein Ladder (Thermo Scientific, Product# 26616) was used as the molecular weight standards marker.
Mass spectrum analysis Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was performed to assay protein purity and analyze protein yields throughout the purification process. Stained His-tagged SoRef2 and D1 protein bands were subjected to in-gel tryptic digestion. After digestion, the peptides were separated on C18 resin beads and analyzed by mass spectrometry (LTQ-Qrbitrap-XL, Thermo).
CD analysis and SDS-resistance experiment
To reveal the secondary structure of soluble SoRef2 and D1 proteins, and to investigate the potential effects of various salt concentrations and SDS concentrations on reflectin conformation and structure, we performed circular dichroism (CD, Bio-Logic MOS-500) analysis under different conditions. Briefly, 0.2 mg/ml purified reflectin SoRef2 were measured in 0.05% SDS with 50 mM PBS (47.5 mM Na 2 HPO 4 , 2.5 mM NaH 2 PO 4 , pH 8.0), 100 mM PBS (95 mM Na 2 HPO 4 , 5 mM NaH 2 PO 4 , pH 8.0) and 200 mM PBS (190 mM Na 2 HPO 4 , 10 mM NaH 2 PO 4 , pH 8.0) (Figure S2A ), or in 0.05%, 0.1% or 2% SDS either with 20 mM PBS (19 mM Na 2 HPO 4 , 1 mM NaH 2 PO 4 , pH 8.0) or 2 mM PBS (1.9 mM Na 2 HPO 4 , 0.1 mM NaH 2 PO 4 , pH 8.0), respectively ( Figures S2B and S2C) . Similarly, reflectin domain 1 (D1) was purified and diluted to 0.1 mg/ml and measured in 20 mM PBS (16 mM Na 2 HPO 4 , 4 mM NaH 2 PO 4 , pH 7.5) with 0.05% or 2% SDS ( Figure S4B ). All spectra were recorded at room temperature using a 1 mm path-length quartz cell. Secondary structural analysis with CD data were analyzed using BESTSEL (http://bestsel.elte.hu/) [45] .
SDS-resistance features of reflectin were confirmed by SDS-polyacrylamide gel electrophoresis (PAGE) assay [23] . SoRef2 samples were in buffer (20 mM Tris, 150 mM NaCl, pH 8.0) with 2% SDS, and were either unheated or boiled for 10 min prior to analysis by SDS-PAGE ( Figure S2D ).
Size-exclusion chromatography (SEC) analysis
For SoRef2, to obtain a homogeneous protein preparation for EM structural determination and other experiments, Superdex 200 10/ 300 GL column (GE Healthcare, Sweden) was used after Ni-NTA chromatography (Figure 2A) .
For MBP-D1 and MBP, Superose 6 Increase 10/300 GL column (GE Healthcare, Sweden) was used after amylose affinity chromatography ( Figure 4B ).
Protopeptide (YMDMSGYQ) was synthesized by Genscript (Piscataway, USA) and resolved in buffer (20 mM Tris, 150 mM NaCl, pH 8.0) at 5mg/ml, and then analyzed by a Superdex 75 10/300 GL column (GE Healthcare, Sweden) ( Figure 4G ). SEC buffers containing 20 mM Tris, 0.05% SDS, pH 8.0 were used for SoRef2, and buffers containing 20 mM Tris, 150 mM NaCl, pH 8.0 were used for MBP-D1, MBP and protopeptide.
SAXS data collection and analysis To further characterize the particle size and shape of reflectin protein we performed SAXS experiments. The reflectin SoRef2 protein was prepared at several concentrations in buffer (20 mM Tris-HCl, 150 mM NaCl, 0.05% SDS, pH8.0), covering a range from 0.2 mg/ml to 18 mg/ml. The SAXS data was collected at beamline 19U at the Shanghai synchrotron radiation facility (SSRF) using X-rays beam energy 12 keV (l = 1.03Å ). Each sample was measured ten times, and the exposure time was 1.0 s for each measurement. Using Guinier approximation, the radius of gyration can be obtained by fitting the log(I) as a function of q^2 by BioXTAS RAW (https://sourceforge.net/projects/bioxtasraw/) [46] . The final SAXS profiles were obtained by averaging the ten measurements and subtracting background scattering from the buffer. The results are presented in Figure S2F .
EM observation and structural determination Preparation of negatively stained samples and image acquisition were as described elsewhere [52] . Briefly, the protein solution was first placed on a copper grid covered by a thin layer of continuous carbon over holes. After 1 min, excess protein solution was removed and 2% (w/v) uranyl acetate solution was used to stain samples.
For EM structural determination, SoRef2 was immediately applied to EM grids after elution from size-exclusion chromatography ( Figure 2B ). Preparation of negatively stained samples were carried out as described above. Protein-particle examination and image acquisition were carried out on a Tecnai G2 20 Twin transmission electron microscope (FEI) operated at 120 kV with a nominal magnification of 3 50,000, using a dose of $30 e À Å À2 and a defocus range of À1 to À3 mm. Micrographs were collected by an Ultrascan 4000 charge-coupled device (CCD) camera (Gatan) with a pixel size of 0.427 nm at the specimen. For SoRef2, 5487 particles were picked from a set of micrographs using EMAN [47] . We then used IMAGIC [48] to perform iterative reference-free two-dimensional alignment and classification procedures. This alignment and classification procedure was iterated 20 times to converge into final class averages ( Figure S2G ).
For MBP-D1 and MBP, proteins (in buffer: 20 mM Tris, 150 mM NaCl, pH 8.0) were immediately applied to EM grids after elution from size-exclusion chromatography. Preparation of negatively stained samples were carried out as described above. The results are shown in Figures 4C and 4D .
For D1 and protopeptide, 0.3 mg/ml D1 protein (in buffer: 20 mM Tris, 0.05% SDS, pH7.5) or 3.5 mg/ml protopeptide (in buffer: 20 mM Tris, 150 mM NaCl, pH8.0) samples were incubated with or without 300 mM imidazole for one week and then applied to EM grids. Due to the low absorption efficiency to the EM grids, extended incubation time (10 min) was used to allow sample to attach to the grids. Excess solution was removed and 2% (w/v) uranyl acetate solution was used to stain samples. The results are shown in Figures 4E, 4F, 4H , 4I, and S4C-S4H.
NMR analysis of reflectin-compounds interaction
Color differences between purified SoRef2 solution (A280 = 85 mg/ml) in the presence and absence of imidazole was observed and confirmed by spectral scanning. In addition, His-tagged SoRef2 can be eluted at a full range of imidazole concentration during the Ni-NTA affinity column. All these observations suggested possible interaction between imidazole and reflectin protein. To verify this interaction, a nuclear magnetic resonance (NMR) experiment was designed.
In NMR experiment, relaxation is the process by which nonequilibrium magnetization returns to the equilibrium state. Relaxation is exquisitely sensitive to molecular motion, which is related to molecular weight and shapes. For organic molecules, both longitudinal relaxation time T1 and transverse relaxation time T2 will decrease when the molecular weight increase. T1 and T2 of imidazole were measured, since SoRef2 will not give any signals not only because of its self-assembled to 11 nm particles but also its low concentration (A280 = 0.3 mg/ml, $2 mM) relative to imidazole (300 mM) sample. The procedure was as below.
The NMR samples were in the buffer of 19 mM Na 2 HPO 4 , 1 mM NaH 2 PO 4 , 0.05% SDS (pH 8.0) with 90% H 2 O/10% D 2 O and 0.01% DSS. All NMR experimental data were collected on a Bruker Avance III 600MHz NMR spectrometer at 298 K. For SoRef2 only sample (A280 = 0.3 mg/ml), the pulse program is zggpw5 and the number of scan, the receiver gain and the recycle delay were 128, 128 and 2 s, respectively. However, there is no signal at the chemical shift of proteins. For all T1 and T2 measurements, samples contained 300 mM imidazole with or without SoRef2 (A280 = 0.3 mg/ml). 16 k complex data points were collected with 64 transients and a recycle delay of 20 s. The delays used for T1 experiments of imidazole sample and imidazole with SoRef2 sample were 0. Experimental data were fitted using the TopSpin T1/T2 module in TopSpin 3. The fitting formula were I t = I 0 +P 3 Exp(-t/T1) and I t = P 3 Exp(-t/T2). Peaks located at 7.73, which were assigned to 2 CH on imidazole molecule, were used for relative intensity (I t ) data collection. T1/T2 of imidazole sample and imidazole with SoRef2 sample were 5.2 s/0.79 s and 2.3 s/0.41 s, respectively ( Figures S3B-S3E ). Both were decreased, which was a strongly indication of interaction between imidazole and SoRef2.
Screening of compounds interacting with reflectin
Inspired by the interaction between imidazole and reflectin protein, and considering the very unusually high content of aromatic residues of reflectin, a panel of various compounds containing aromatic rings (Table S3) was selected to test which ones can induce higher-order assembly of reflectin. The final concentrations of histamine, octopamine, 5-hydroxytryptamine, (+/À)-1-phenyl-1,2-ethanediol and phenethyl alcohol were 30 mM, 30 mM, 10 mM, 300 mM and 0.08 mM, respectively. The stock solutions for all compounds were adjusted to pH 8.0. After adding these molecules into purified SoRef2 solution (A280 = 0.3 mg/ml, in buffer: 20 mM Tris, 0.05% SDS, pH8.0), the samples were applied to EM grids immediately, after 3.5 hr, 1 day or several days ( Figures 3D-3F, S3N-S3U, S3W , and S3Y). Then preparation of negatively stained samples and EM observation were carried out as described above. Buffers without SoRef2 ( Figures S3J-S3M , S3V, and S3X) and SoRef2 without aromatic molecules ( Figures 2B and 3B) were controls. The intact and stability of reflectin during incubation at room temperature was validated by SDS-PAGE and size-exclusion chromatography.
To verify the interaction between SoRef2 and aromatic molecules identified, NMR experiments were also carried out as the same as imidazole (described above). T1/T2 of histamine alone and histamine/SoRef2 complex were 5.4 s/0.83 s and 1.8 s/0.5 s, respectively. T1/T2 of octopamine alone and octopamine/SoRef2 complex were 0.95 s/0.51 s and 0.73 s/0.24 s, respectively. Both were decreased.
QUANTIFICATION AND STATISTICAL ANALYSIS
Reflectin gene blast SoRef2 (GenBank: HE687200.1) was used to blast against the symbiotic bacteria Vibrio fischeri genome (taxid: 668) in NCBI, using the NCBI BLAST blastn algorithm (http://blast.ncbi.nlm.nih.gov/Blast.cgi) with default parameters.
Genetic traces of transposon analysis
Genetic traces of transposon analyses were conducted with BLAST+ version 2.2.30 (ftp://ftp.ncbi.nlm.nih.gov/blast/executables/ blast+/) by using default parameters. More details were described in Method Details above.
Phylogenetic tree analysis
Phylogenetic tree analyses were conducted as described in Method Details above. Alignment was generated by using ClustalW method and the phylogenetic tree was constructed with the Neighbor-Joining method and bootstrap tests of 1000 replicates.
CD data analysis
Secondary structural analyses with CD data were analyzed using BESTSEL (http://bestsel.elte.hu/) [45] by using mean residue ellipticity as input units.
R g estimation by SAXS
Radius of gyration (R g ) of SoRef2 is estimated using the following Equation [46] , where I is scattering intensity and q is scattering vector.
ln IðqÞ = ln Ið0Þ R 2 g
Classification of EM particles In total, 5487 particles of SoRef2 protein were picked from a set of micrographs using EMAN [47] . IMAGIC was used to perform iterative reference-free two-dimensional alignment and classification procedures [48] . This alignment and classification procedure was iterated 20 times to converge into final class averages.
T1 and T2 measurements T1 and T2 in NMR experiments are estimated using the following equations, where I is relative intensity and t is delay time. P is constant.
I t = I 0 + P 3 Expðt=T1Þ I t = P 3 Expðt=T2Þ
